adate in Na/K-ATPase were also estimated. For all the mutants, the value for ATP was ϳ2-10-fold larger than that of the wild type. While the turnover number for Na/K-ATPase activity were unaffected or reduced by 20ϳ50% in mutants G442(A/P) and D443A. Although both affinities for ATP effects were reduced as a result of the mutations, the ratio, K m l /K m h , for each mutant was 1.3ϳ3.7, indicating that these mutations had a greater impact on the low affinity ATP effect than on the high affinity effect. Each K m P value with the turnover number suggests that these mutations favor the binding of pNPP over that of ATP. These data and others indicate that the sequence 442 GDASE 446 in the ATP binding pocket is an important motif that it is involved in both the high and low affinity ATP effects rather than in free Mg 2؉ , Na ؉ , and K ؉ effects.
Na/K-ATPase is an integral membrane protein that is found in all mammalian cells and transports three Na ϩ and two K ϩ ions against their electrochemical gradients using chemical energy derived from ATP (1) (2) (3) (4) (5) (6) (7) . This enzyme is a member of the P-type ATPase family and forms an acid-stable phosphoenzyme (EP) 1 during the hydrolysis of ATP. The P-type ATPase group also includes gastric H/K-ATPase, sarcoplasmic reticulum (SERCA), and plasma membrane Ca-ATPase (PMCA) (8) . The amino acid similarity and significant conservation in regions of the proteins that are involved in ATP binding or hydrolysis, suggest that the ATP binding pockets of these proteins have a similar three-dimensional structure (3) .
In the case of P-type ATPase, at least two different ATP binding sites are present, namely, the E 1 and E 2 sites. The E 1 form has a high affinity ATP binding site (K m is sub-M) in the presence of Mg 2ϩ and Na ϩ and is a precursor of the ADPsensitive phosphoenzyme (E 1 P). The E 2 form has a low-affinity ATP binding site (K m is sub-mM), causing a high V max and plays a regulatory role in accelerating the partial reactions (1) (2) (3) (4) (5) (6) (7) . Whether the two different ATP binding sites are located at different locations in the same catalytic subunit or are present on different catalytic subunits with different conformational states has been the subject of continuous debate (1-7, 9 -12) . In a previous study, we demonstrated that the conformational state of the ATP binding pocket of Na/K-ATPase changes to reflect the high and low affinity ATP binding that accompanies ATP hydrolysis (13) .
An x-ray crystallographic study (14) of the SERCA revealed three well separated cytoplasmic domains, which consist of an actuator (A-domain), a phosphorylation (P-domain), and a nucleotide domain (N-domain). The N-domain forms an ATP binding pocket, which contains residues such as Phe-487, Lys-492, Lys-515, and Arg-560 (Phe-475, Lys-480, Lys-501, and Arg-544 in pig Na/K-ATPase). Chemical modification (15) (16) (17) (18) (19) (20) or mutagenesis (13, (22) (23) (24) (25) of these residues provides support for the conclusion that these residues are important in the formation of the ATP binding pocket.
The three-dimensional structure of Ca-ATPase predicts that Thr-441 is located on the surface of the ATP binding pocket as a GEATE sequence in the N-domain (14) but the role of this residue in ATP binding has not been clarified. No GEATE sequence is present in the corresponding region of mammalian Na/K-ATPase and H/K-ATPase (Fig. 1A ) but the sequence, GxAyE, is present, where x and y denote, respectively, Glu and Thr in Ca-ATPase (GEATE) and Asp and Ser in both Na/K-and H/K-ATPase. In Caenorhabditis elegans, Ala is replaced with Pro and Asp is replaced with Asn. In fungal Blastoclodiella emersonii, Ser is replaced with Thr. These facts suggest that the amino acid residues in the GDASE sequence are an important motif for the interaction between enzyme and an ATP molecule or in the formation of the ATP binding pocket with residues such as Phe-475, Lys-480, Lys-501, and Arg-544 in Na/K-and H/K-ATPase.
To investigate this point further, five mutants carrying a single amino acid substitution in the GDASE motif were constructed. The high or low affinity ATP effect on ATP-dependent EP formation in the presence of Mg 2ϩ ϩ Na ϩ (K m h ), or ATPdependent Na/K-ATPase activity in the presence of Mg 2ϩ ϩ Na ϩ ϩ K ϩ (K m l ) and the ATP-induced inhibition of K-dependent pNPPase in the presence of Mg 2ϩ ϩ K ϩ (K i,0.5 ) with an apparent affinity for pNPP (K m P ), were measured, after the expression of these enzymes in HeLa cells. Apparent affinity for free Mg 2ϩ , Na ϩ , K ϩ , and vanadate were also estimated and compared with the changes in ATP effects. In all mutants, the single amino acid substitution induced larger affinity decreases to different extents in high and low affinities for ATP (K m h and K m l ) compared with the changes for other ligands. These results and others indicate that the GDASE motif and residues such as Phe-475, Lys-480, Lys-501, and Arg-544 are involved in the formation of the ATP binding pocket, and that each participates differently with respect to the high and low affinity ATP effects rather than affecting the binding affinities of other ligands.
MATERIALS AND METHODS
Site-directed Mutagenesis-Plasmids pGEM-NaK and pCDL-NaK containing the entire coding region of rat Na/K-ATPase ␣1 cDNA have been described previously (26) . Site-directed mutagenesis was performed using the megaprimer PCR method (27) in conjunction with the following sense oligonucleotide primers: for G442A/P, 5Ј-GCA GTA GCG NCA GAT GCT TCC-3Ј; for S445A, 5Ј-GGA GAT GCT GCC GAG TCG-3Ј; for E446A, 5Ј-GCT TCC GCG TCG GCG CTC-3Ј and antisense primer for D443A, 5Ј-GGA AGC AGC TCC CGC TAC TGC-3Ј. The amplified cDNA fragment, including the region encoding amino acid residues 414 -515 (between AatII and BamHI sites), was subcloned back into the wild-type rat Na/K-ATPase ␣1-subunit cDNA in the pGEM vector. The mutations were verified by nucleotide sequencing (28) . The entire coding region of the mutated rat ␣1 cDNA was transferred to the expression vector pCDL as described previously (26) .
Transfection of HeLa Cells Expressing Rat ␤-Subunit with Rat Na/ K-ATPase ␣1-Subunit-HeLa cells expressing the rat ␤-subunit (13) were cultured in a 35 mm-dish in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal calf serum. Cells were transfected with 2 g of plasmid DNA containing a wild-type or mutant Na/K-ATPase ␣1-subunit cDNA with the GenePORTER transfection reagent (Gene Therapy Systems), and subjected to selection in 10 M ouabain. Ouabain-resistant cells were then expanded into stable cell lines.
Preparation of SDS-purified Membrane Vesicles-Crude plasma membranes were prepared from HeLa cells (26) or pig kidney microsomes essentially as described previously (29) . Crude plasma membranes at a concentration of 1 mg/ml were incubated with 0.15 mg/ml of SDS in a buffer containing 0.25 M sucrose, 10 mM dithiothreitol, and 10 mM Tris-HCl, pH 7.4, for 5 min at room temperature. The sample was loaded onto stepwise sucrose density gradients consisting of 10 and 40% sucrose layers, and centrifuged at 350,000 ϫ g in a Beckman TLA-100.3 rotor for 10 min at 4°C. The fractions at the 10:40% interface were collected and pooled. The pooled sample was diluted with 3 volumes of the sucrose buffer and centrifuged at 350,000 ϫ g in a Beckman TLA-100.3 rotor for 10 min. The pellet was suspended in the sucrose buffer containing 10 mM dithiothreitol, and the protein concentration was measured using bovine serum albumin as a standard as described in Ref. 30 .
Sodium-dependent EP Formation from ATP-SDS-treated membrane vesicles (4 g) were incubated at 0°C for 10 s in 40 l of 16 mM NaCl, 0.43 mM MgCl 2 , 25 mM imidazole/HCl (pH 7.2), and 5 nM to 5 M of [␥-32 P]ATP. The reaction was terminated by adding 500 l of an ice-cold solution of 10% trichloroacetic acid solution containing 10 mM inorganic phosphate. The samples were centrifuged at 15,000 ϫ g for 10 min at 4°C. The precipitates were washed with an ice-cold 10% trichloroacetic acid solution by centrifugation. The resulting precipitates were washed with ice-cold water by centrifugation. The precipitates were dissolved in sample buffer containing a trace amount of a bromphenol blue, 10% glycerol, 1% SDS, 5% ␤-mercaptoethanol, and 10 mM sodium phosphate buffer, pH 6.0, and subjected to SDS-polyacrylamide gel electrophoresis (SDS-PAGE) at pH 6.0 (31) . After drying the gels, the amount of 32 P incorporated into the Na/K-ATPase ␣-subunit was detected and quantitated by means of a BAS 2000 system (Fuji). Oligomycin was not included during the phosphorylation experiments, because it did not result in an increase in the amount of EP. In order to correct for losses due to the hydrolysis of EP during the above procedure, the SDS-treated Na/K-ATPase preparation from pig kidney (4 g) was incubated under the same conditions as described above. The final precipitates were dissolved in sample buffer in the absence of bromphenol blue, and half of an aliquot was used to estimate the amount of EP formed by liquid scintillation counting and the other aliquot (0.75 g of protein) was subjected to SDS-PAGE and quantitated with a BAS 2000 system. The data were analyzed using nonlinear least-squares regression (GraphPad Prism; GraphPad Software Inc.) using the Michaelis-
) in which EP max is the maximum amount of EP formed and K m h is the concentration of ATP required for the half-maximal formation of EP.
Na/K-ATPase Activity-The ATPase activity of SDS-treated membrane vesicles from HeLa cells was measured in duplicate at 37°C for 30 min in a reaction medium containing 0.5ϳ2 g of enzyme protein, 62.5 M to 5 mM of ATP, 40 mM NaCl, 16 mM KCl, 5 mM MgCl 2 , 125 mM sucrose, 0.5 mM EDTA, and 20 mM Tris-HCl, pH 7.4 in the presence of 5 M or 5 mM ouabain. The reactions were terminated by adding an equal volume of 12% SDS. Inorganic phosphate was determined colorimetrically by measurement of the inorganic phosphate with ammonium molybdate complexes (32) . Rat Na/K-ATPase activity was determined as the difference between the activity in the presence of 5 M and the activity in the presence of 5 mM ouabain: the former and the latter were, respectively, 90 -80% and 30 -20% of the activity in the absence of ouabain. The difference in the activity was divided by the amount of EP max , estimated as described above, and expressed as s Ϫ1 . All determinations were performed in duplicate. The data were analyzed in essentially the same manner as described above, where EP and EP max were, respectively, replaced with ATPase activity (s Ϫ1 ) and V max (maximum turnover number).
To investigate the dependence of Na/K-ATPase activity on Mg 2ϩ , ATP hydrolysis was measured in the medium containing 40 mM NaCl, 16 mM KCl, and 20 mM Tris-HCl, pH 7.4, in the presence of 3.3 Mϳ8.93 mM MgCl 2 and 0.2ϳ4 mM ATP. The concentrations of free Mg 2ϩ and MgATP complex in the medium were calculated using the stability constants described in Ref. 33 . To investigate the effect of Na ϩ and K ϩ on Na/K-ATPase activity, 40 mM Na ϩ and 16 mM K ϩ was replaced with 0 -40 mM Na ϩ and 0 -16 mM K ϩ , respectively. The effect of vanadate was measured after the addition of 0 -25 M sodium vanadate.
Potassium-dependent pNPPase Activity-pNPPase activity of the SDS-treated membrane vesicles was measured in duplicate in the presence or absence of 16 mM KCl at 37°C for 30 min containing 1ϳ2 g of enzyme protein, 0.5 mM to 10 mM of pNPP, 6 mM MgCl 2 , 125 mM sucrose, 0.5 mM EDTA and 20 mM imidazole/HCl (pH 7.2). The KpNPPase activity was calculated as the difference between the activities with and without KCl. The K-pNPPase activity was also measured in the presence of 5 mM pNPP and 62.5 Mϳ5 mM of ATP to estimate the K i,0.5 for ATP by nonlinear least-squares regression.
RESULTS

Construction of Mutants of Na/K-ATPase Carrying a Single
Amino Acid Substitution in the GDASE Motif-Homology modeling of Na/K-ATPase based on the three-dimensional structure of Ca-ATPase (14) was carried out with the SWISS-MODEL software program (www.expasy.ch/spabv/) (Fig. 1, B and C). Asp-443, Ser-445, and Glu-446 contain oxygen atoms in the side chain and these residues could be located at a similar position to that of Ca-ATPase in the model. The 442 GDASE is conserved in the P 2C -type ATPase family (Fig. 1A) . The oxygen atom and/or negative charge in these amino acid side chains may be important in the binding of ATP or the formation of the ATP binding pocket. To investigate this point, mutants carrying a single amino acid substitution of these residues (G442A/P, D443A, S445A, and E446A) were constructed.
Each of the mutant Na/K-ATPase molecules was expressed in HeLa cells expressing a rat Na/K-ATPase ␤-subunit as described in a previous study (13) . All the resulting HeLa cell lines were viable in the presence of 10 M ouabain. These results suggest that these mutant enzymes had the ability to transport Na ϩ and K ϩ during ATP hydrolysis and thus support cell growth.
Effect of Each Mutation on the Apparent High Affinity ATP Effect Registered by Mg
2ϩ , Na ϩ , and ATP-dependent EP Formation-To estimate the apparent affinity for the high affinity ATP effect, the ATP-dependent EP formation of a SDS-treated enzyme preparation under steady state conditions was measured in the presence of 0.43 mM Mg 2ϩ , 16 mM NaCl, and 0.005-5 M of ATP (Fig. 2) . The data were fitted to the Michaelis-Menten equation, which gave values for the maximum amount of phosphoenzyme (EP max ) and the half-maximal concentration of ATP (K m h ) of 0.02 M in the wild type, as reported previously (13) . The values of K m h in the G442A, G442P, D443A, S445A, and E446A increased to 3.0-, 3.2-, 3.6-, 1.8-, and 5.1-fold, respectively (Table I, a).
To determine whether the apparent decrease in the affinity for ATP reflects a change in the apparent dissociation constant for ATP from EP or an increase in the rate constant for EP breakdown, the rate of EP formation and breakdown were followed manually. The enzyme in the presence of 0.43 mM MgCl 2 and 16 mM NaCl was phosphorylated by the addition of 2 M [␥- 32 P]ATP and the reaction was terminated by the addition of trichloroacetic acid. The time course of the phosphorylation of the wild type and E446A showed that the phosphorylation was complete within 1 s. Thus, the t1 ⁄2 would be Ͻ0.5 s, indicating a rate constant for EP formation of Ͼ1.4 s Ϫ1 (ϭ ln(2/0.5)). To follow the rate of EP breakdown, the enzyme was phosphorylated for 10 s, and the amount of EP remaining at 10 s after the addition of 10 mM CDTA was determined. The amounts of EP remaining was 50 -65% of the EP formed in the presence of 2 M ATP for all mutants, and the amount for the wild type was 48 Ϯ 8% (average Ϯ S.D., n ϭ 4). If the breakdown of EP follows first order kinetics, the rate constant for EP breakdown (ln 2/t1 ⁄2 ) would be 0.05 ϳ 0.06 s Ϫ1 . These data suggest that the rate constant of EP formation in the presence of 2 M ATP was at least 20-fold larger than that for its breakdown.
Effect of Substitution on the Apparent Low Affinity ATP Effect, as Evidenced by Na/K-ATPase Activity and ATP-induced
Inhibition of K-pNPPase Activity-To estimate the apparent affinity for the low affinity ATP effect, Na/K-ATPase activities of the rat wild type and mutants were measured with increasing ATP concentrations up to 5 mM in the presence of 40 mM NaCl, 16 mM KCl, and 5 mM MgCl 2 and either 5 M or 5 mM ouabain as already reported (13) . The difference between these activities was assumed to be the Na/K-ATPase activity (v) of the expressed enzyme and the turnover number was estimated by dividing v by EP max , as obtained in the previous section. These data were fitted to the Michaelis-Menten equation, which gave the values for the half-maximal concentration of ATP (K m l ) and the maximum turnover (V max /EP max , s Ϫ1 ) as shown in Fig. 3 . The K m l of the wild type was ϳ0.6 mM (13). The A, sequences were obtained from the P-type ATPase Data Base (biobase.dk/ϳaxe/ Patbase.html, maintained by Kristian B. Axelsen, axe@biobase.dk). The grouping of the P-type ATPase family and the nomenclature were adopted from the work described in Ref. 8 . B and C, the three-dimensional structure of the ATP binding pocket of the Na/K-ATPase was fitted to Ca-ATPase (14) using the SWISS-MODEL software program. Figures were prepared using RasMol. The side chain of several key and targeted residues are shown in a space-filled model in gray and yellow, respectively. The main chain of the Gly-438 in Ca-ATPase or Gly-442 in Na/K-ATPase is shown as a space-filling model. Asp-351 in Ca-ATPase or Asp-369 in Na/K-ATPase is the phosphorylation residue. The oxygen and nitrogen atoms are colored red and blue, respectively. The ATP molecule was inserted manually by using a Swiss-PdbViewer and shown as a stick model with a Van der Waals dot surface.
value of G442A, G442P, D443A, S445A, and E446A increased to 4ϳ10-fold (Table I, b). The value of V max /EP max of the wild type was nearly the same as that of S445A and E446A while that of D443A, G442A, and G442P reduced, respectively, to 80, 70, and 50% (Table I, e) .
It is also possible to estimate the low affinity ATP effect by measuring the ATP-induced inhibition (K i,0.5 ) of K-pNPPase in the absence of Na ϩ (13, 34) as shown (Fig. 4) . The K i,0.5 of the wild type gave a mean value 0.37 mM, and the values for each mutant increased by 3ϳ9-fold (Table I, c) .
Effect of the Substitution on the Apparent Affinity for Vanadate Registered by Na/K-ATPase Activity-Previous data suggested that the maximum amount of active site of pig kidney Na/K-ATPase was 1 mol/mol of ␣-chain (13, 37) , in which 0.5 mol of the active site is phosphorylated followed by high affinity ATP binding and the other 0.5 mol bound ATP with a lower affinity (37) . The data in Figs. 2 and 3 show that the mutations induced larger affinity decreases in the low affinity effect than in the high affinity effect (see also Table II, a). Given these findings, it would be of interest to investigate whether the mutation affects the sensitivity of Na/K-ATPase to vanadate, an analogue of P i that binds to the E 2 form of Na/K-ATPase (35, 36) . Fig. 5A shows the effect of vanadate on the Na/K-ATPase activity of the wild-type enzyme in the presence of 1-5 mM ATP, which was fitted using the Hill equation. The value of n V and K 0.5 V , respectively, decreased and increased with increasing concentrations of ATP to 0.61 and 1.33 M in the presence of 5 mM ATP. The value of n V increased to around 0.8 in S445A and E446A and the K 0.5 V of all mutant enzymes decreased to around half of that of the wild-type enzyme in the presence of 5 mM ATP (Fig. 5B and Table I , g and h). These apparent changes in the mutant enzymes may be due to the reduced affinity for ATP effects (Figs. 2 and 3 ), because both of these values were estimated in the presence of 5 mM ATP, which did not saturate the Na/K-ATPase activity in the mutants.
Effect of Substitution on the Apparent Affinity for pNPP Registered by K-pNPPase Activity-To investigate the relationship between a mutation in the ATP binding pocket and KpNPP hydrolysis, pNPPase activities in the presence of 6 mM MgCl 2 and 0.5 mM to 10 mM of pNPP were measured in the absence and presence of 16 mM KCl. The K-pNPPase activity (v) represents the difference in the activities in the presence and absence of 16 mM KCl, respectively. The data were fitted to Michaelis-Menten equation. Fig. 6 shows the plots of v against the concentration of pNPP, where V max P as 100%. The K m P of all mutants ( type, indicating that the apparent affinity for pNPP of each mutant increased despite the decrease in the affinities for ATP (Table I , a and b). The relative turnover number of K-pNPPase, (V max P /EP max ) in all mutants was in the range of 0.8ϳ1.1 (Table I, f) .
Effect of Substitution on the Apparent Affinity for Mg 2ϩ Registered by Na/K-ATPase Activity-The apparent high (Fig. 2 ) and low affinity (Fig. 3 ) ATP effects were estimated by plotting the activities against concentrations of added ATP (in the case of 
Effect of Substitution on the Apparent Affinity for Na ϩ , as Evidenced by EP Formation and Na/K-ATPase Activity and for K ϩ , as Evidenced by Na/K-ATPase and K-pNPPase Activity-
To investigate the relationship between these mutations and the apparent affinity change for Na ϩ , Na-dependent EP formation, and Na/K-ATPase activity were measured in the presence of different concentrations of Na ϩ (Fig. 8, A and B) . The values K 0.5 for Na ϩ and the Hill coefficient of the wild type and mutants for EP formation and Na/K-ATPase activity estimated using nonlinear least-square regression are shown in Table I , j-m. The mutation induced less than a 2-fold increase in the apparent K 0.5 values, as estimated by either method and induced little change in the value of n.
The apparent K 0.5 values for K ϩ of the wild-type enzyme in the presence of Mg 2ϩ with Na ϩ ϩ ATP and with pNPP were estimated from Na/K-ATPase and K-pNPPase activity, respectively, to be 0.53 and 1.5 mM. These values decreased by 10 -20% except the K 0.5 for K ϩ in Na/K-ATPase of G442P and D443A, which decreased by 50% and increased to 30%, respectively (Table I , n-q). These results indicate that the mutations induced larger decreases in the apparent affinity for ATP compared with those for Na ϩ and K ϩ . 442 GDASE 446 Sequence- Fig. 1C shows the ATP binding domain of Na/K-ATPase based on the atomic structure of Ca-ATPase, namely, the cluster of oxygen atoms in Glu-442 (main chain), Asp-443, Ser-445, and Glu-446 in GDASE sequence and Phe-475, Lys-480, Lys-501, and Arg-544 residues mutated previously (13) . Table I summarizes the relative changes in apparent affinity, turnover number and hill coefficients induced by each of the mutations in the GDASE sequence. The data show larger apparent affinity decreases in the high and low affinity ATP effect (K m h and K m l ) compared with changes for other ligands (Table I ). The data for G442A/P suggest that a less bulky amino acid side chain (ϪH) in the pocket is favorable for the low affinity ATP effect compared with the high affinity ATP effect and the affinity for pNPP. The data for D443A suggest that an Ala side chain (ϪCH 3 ) creates a more hydrophobic environment compared with the Asp side chain (ϪCH 2 COOH), thus reducing the affinity for the low affinity ATP effect more strongly than that for the high affinity but increasing the affinity for the binding of pNPP. The data for both S445A and E446A indicate that Ser (-CH 2 -OH) and Glu (-CH2-CH2-COOH) side chains are more effective than a methyl side chain in terms of the low affinity ATP effect compared with the high affinity effect. All mutations increased the apparent affinity for pNPP (Table I, d ) and each replacement with Ala would increase the hydrophobicity of the pocket, thus making the binding of p-nitrophenyl group more favorable, but less favorable for the binding of the adenine moiety. These negative charges in the GDASE sequence (Fig. 1C ) might be important for the ligation to the adenine ring of the ATP molecule, which is more favorable for the low affinity ATP effect than for the high affinity effect (40) . To compare the extent of affinity change, the relative ratios, K m l /K m h , were obtained, which were 1.3 to 3.7, indicating that each substitution in the GDASE sequence decreased the apparent affinity for the low affinity ATP effect more strongly than that for the high affinity effect (Table II, a) . While the opposite is true in the cases of the Ala replacement of Lys-501 known as a binding site of fluorescein isothiocyanate (41) and in that of Arg-544: larger affinity decreases in the high affinity ATP effect occurred and each ratio (K m l /K m h ) was 0.5 and 0.03, respectively (13) . Presence of a salt link between Glu-442 and Lys-515 in the case of SERCA (Fig. 1, B and C) has been suggested (42) . In the case of Na/K-ATPase, the following observations suggest that a salt link, if present, is not required for Na/K-ATPase activity. The largest change observed in a mutant of a corresponding residue (K501A) in Na/K-ATPase was a 2-fold increase in K m h and the ratio (K m l /K m h ) was 0.5 with no change in V max (13) . The mutation of another corresponding residue (E446A) showed a 10-fold increase in K m l and the ratio was 2 with no change in V max (Table I) . These data also support the different contribution of each exposed amino acid side chains to high and low affinity ATP effects in the ATP binding pocket, namely the difference in the conformational states of the ATP binding pocket (12, 13, 37, 43) . Do These Mutations Affect High and Low Affinity ATP Effects or the Equilibrium between E 1 -E 2 ?-It is generally accepted that the high and low affinity ATP binding reflects, respectively, binding to the E 1 and E 2 conformational state and that Na ϩ binds to the E 1 form preceding phosphorylation and K ϩ binds to the E 2 form during the Na/K-ATPase and pNPPase reaction (1, 12) . The increases in affinity for vanadate, K ϩ , and pNPP, and reduction in affinity for Na ϩ were observed in the mutants, which might point to a change in favor of E2. However, the extent of the change in each parameter in the mutant was different rather than the same. To compare each affinity change for ligands which bind to the E 2 enzyme form, the ratios of the apparent affinity change for the low affinity ATP effect to that for K ϩ and vanadate
DISCUSSION
Larger Apparent Affinity Decrease for ATP Effects of Each Mutated Enzyme in the
Mg were obtained, which were 1.8 to 8 (Table II , f-h and e). A similar calculation was made to compare the affinity change for ligands that bind to the E 1 enzyme form. The ratios of the apparent affinity change for the high affinity ATP effect to that for Na ϩ and Mg
Na, ATPase and K m h /K m Mg ) were obtained, which were 1.2-6 (Table II , i, j, and d). Larger changes in the affinity for low and high affinity ATP effects relative to change in affinities for other ligands which bind the E 2 and E 1 enzyme forms suggest that mutations in the ATP binding pocket affect two different apparent affinities for ATP directly rather than a change in the E 1 -E 2 equilibrium.
Comparison of (V max /EP)/K m Values for Physiological Ligands-The turnover number of the wild-type enzyme (V max / EP) gave 1.5ϳ2-fold higher value, 240 s Ϫ1 (Table I , e and Ref. 13) , than that reported for the purified enzyme (44 -46) . One main reason is that the method used to estimate active site concentrations, because we already showed half site phosphorylation from ATP in the presence of Mg 2ϩ and Na ϩ to accumulate 0.5 mol of EP ϩ 0.5 mol of EATP/mol of ␣-chain (37, 47). Unfortunately it was not possible to measure the amount of EATP during turn over in the present enzyme preparations used which were expressed in HeLa cells, because of their purity, namely Ͻ ϳ10 pmol of EP/mg of protein. If one takes the amount of EP ϩ EATP (37, 43) or the amount of bound ouabain (48) or phosphoenzyme from P i in the presence of ouabain (46) as the amount of active site, the turnover number should decrease by half (44 -46) . Although the value of V max is semi-quantitative, the changes in the relative values obtained in the same series of experiments were compared, and these had no effect on our present conclusion.
What is the actual meaning of K m h and K m l ? The rate constant of EP formation was shown to be at least 20-fold larger than that of breakdown and the rate constant for EP formation is known to increase with increasing concentrations of ATP (19, 21) . The reduced apparent affinity for ATP seen in steady state phosphorylation measurements (Fig. 2) can be accounted for by a reduction in binding affinity for ATP and/or a reduced V max of phosphorylation. These data suggest that each mutation increased the apparent dissociation constant for ATP for the high affinity effect. Further experiments will be required to clarify the exact meaning of K m h and K m l such as measurement of the rate constant for EP formation, the amount of bound ATP and occluded K ϩ during turnover. One can estimate a relative preference of the enzyme for ligands using the value of k cat /K m , namely, (V max /EP)/K m . FIG. 6 . pNPP concentration dependence of K-dependent pNPPase activity. The K-pNPPase activity of the SDS-treated membrane vesicles of the rat wild type (Ⅺ), G442A (OE), G442P (), D443A (ࡗ), S445A (q), and E446A (f) was measured as described in the legend to Fig. 3 except that ATP was not included and 0.5-10 mM of pNPP were present. The data were subjected to a nonlinear least square regression (wild type, dotted line; G442A and G442P, broken lines; D443A, S445A, and E446A, solid lines), where 100% of K-pNPPase activity was the value of V max P estimated from the fitting. The values represent the average Ϯ S.D. of K m P (mM) and V max P /EP max (s Ϫ1 ) obtained from three duplicated experiments. Table II , l-o, shows the relative values of each apparent second order rate constant for low affinity ATP effect, Mg 2ϩ , Na ϩ , and K ϩ . These data clearly show that each mutation induced the largest reduction in the apparent second order rate constant for low affinity ATP binding compared with those for other physiological ligand bindings.
Relationship between the GDASE Sequence and Mg 2ϩ Binding-An Fe ϩ -catalyzed oxidative cleavage study had suggested that bound Mg 2ϩ docked as MgATP is in close proximity to both Asp-443 in the 442 GDASE 446 sequence and Asp-710 (50) and it has been proposed that both residues contribute to the coordination of Mg 2ϩ . The data herein show that D443A had 80% of the V max /EP max of that of the control so that the ligation of two oxygen atoms in the side chain of Asp-443 to Mg 2ϩ , if present, is not essential for Na/K-ATPase activity. The D710A showed a strong reduction in ATP affinity but did not inhibit Mg 2ϩ ligation, as described (Ref. 39, compare Table I and Fig. 4A in the reference), which suggests that the ligation of the side chain in Asp-710 to Mg 2ϩ is not essential. The Glu-446 also appeared to be not essential for the ligation of Mg 2ϩ , because the turnover number of E446A was the same as the wild-type enzyme although the K m h and K m l were reduced 5 and 10-fold, respectively. These data show that D443A, S445A, E446A, and D710A are able to bind MgATP with a reduced affinity to form a phosphoenzyme without any significant change in Na/KATPase activity despite the breakdown in the proposed coordination and the salt link.
To investigate the relationship between the apparent activation effect of free Mg 2ϩ and high and low affinity ATP effects, each ratio of K m h /K m Mg and K m l /K m Mg was calculated (Table II,  d and e). The value was in the range 1.4 -6, indicating that replacement affected the ATP effects more strongly than the apparent free Mg 2ϩ effect. A similar mutation that is rather insensitive to Mg 2ϩ compared with sensitivity to ATP effects (T441A and E442A in SERCA, Fig. 1B ) was reported, which corresponds to Ser-445 and Glu-446 (Fig. 4C) in Na/K-ATPase (42) MgATP binding to the enzyme, resulting in its activation. Each of the mutations of the conserved sequence affected the high and low affinity ATP effects more strongly than the Mg 2ϩ effect. This suggests not only the absence of direct ligation for free Mg 2ϩ from the GDASE sequence but also some difference between two ATP effects and the free Mg 2ϩ effect. This explanation supports the existence of a Mg 2ϩ binding site. The inhibitory effect of high concentrations of free Mg 2ϩ was observed and was overcome by increasing MgATP concentrations in the wild type enzyme. Mutated enzymes were apparently inhibited more strongly in the presence of added 4 mM ATP but they may be related to the decreased affinity for the low affinity ATP effect.
Oligomeric Nature of the Enzyme-Chemical modification studies (19 -20) , electron microscopic observations (37), cross-linking experiments (12, 51), phosphorylation and dephosphorylation experiments and [ 32 P] binding during turnover in the presence of [␣- 32 P]ATP and [␥-32 P]ATP suggest the presence of a tetraprotomeric structure not only in Na/ K-ATPase (37) but in H/K-ATPase as well (43, 52) . The presence of a single ATP binding site has been reported in the atomic structure of monomeric crystal of Ca-ATPase (14) and the restraint-based comparative modeling of the H 4 -H 5 loop of Na/K-ATPase (53) . A previous study showed that the single amino acid replacement of Phe-475, Lys-480, Lys-501, and Arg-544, in which side chains are exposed to the ATP binding pocket (gray in Fig. 1C ), reduced the affinity for both high and low affinity ATP effects and the affinity for pNPP to different extents (13) . Each mutation in the conserved GDASE sequence induced different affinity changes in the two different ATP effects and the affinity for pNPP providing further support for the presence of a single ATP binding site/␣-chain as proposed (12, 37, 43) . Quite recently, three interesting studies appeared, the association of ␤Ϫ␤ chain (51) and the association of expressed ␣-chains by MgATP (54) and the specific activity of the Na/K-ATPase activity of the tetraprotomeric Na/K-ATPase fraction was approximately half that of the diprotomeric and protomeric fractions, using a solubilized dog kidney enzyme (21) , which nicely explains both that protomer is sufficient for Na/K-ATPase activity (46, 48) and oligomericity is required for the enzyme (11-13, 19 -20, 37, 43, 51-52, 54) . These data are consistent with a hypothesis in which each ␣-subunit contains 1 mol of a high affinity ATP binding site for EP formation and 1 mol of low affinity ATP binding site for EATP formation, in the 2n-mer, not only in Na/K-ATPase but also in H/K-ATPase, possibly as (EP:EATP) 2 (21, 37, 43, 52) . Further studies will be needed to clarify the mechanism of subunit interaction during ATP hydrolysis and Na/K-transport.
FIG. 8. Na
؉ and K ؉ concentration dependence on Na-dependent EP formation, Na/K-ATPase activity, and K-pNPPase activity. A, EP formation was carried out at 0°C for 10 s in the presence of 0 to 40 mM NaCl and 2 M [␥-32 P]ATP, 0.11 mM MgCl 2 , and 25 mM imidazole/HCl (pH 7.2), and the amount of EP formed was estimated as described under "Materials and Methods." B, Na/K-ATPase activity was measured in the presence of 0 to 40 mM NaCl, 16 mM KCl, 5 mM MgCl 2 , 4 mM ATP, 0.5 mM EDTA, 125 mM sucrose, and 20 mM Tris-HCl, pH 7.4. C, Na/K-ATPase activity was measured in the presence of 0 -16 mM KCl, 40 mM NaCl, 5 mM MgCl 2 , 4 mM ATP, 0.5 mM EDTA, 125 mM sucrose, and 20 mM Tris-HCl, pH 7.4. D, K-pNPPase activity was measured in the presence of 0 -16 mM KCl, 10 mM of pNPP, 6 mM MgCl 2 , 0.5 mM EGTA, and 20 mM imidazole/HCl (pH 7.2). The data were subjected to a nonlinear least square regression using the Hill equation (wild, Ⅺ and dotted line; G442A, OE; and G442P, ; D443A, q; S445A, q; and E446A, f). The values in parentheses represent the average Ϯ S.D. of n and K 0.5 (mM) obtained from three independent experiments.
